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SUMMARY 

by V. S. Troitskiy 

This  i s  a major review paper ,  des t ined  t o  p re sen t  a summary and a 
d e s c r i p t i o n  of  a contemporary model o f  s t r u c t u r e  of Moon's mantle.  

The s tudy  i s  based i n  t h e  f i r s t  p l ace  on r ecen t  fo re ign  i n v e s t i g a t i o n s  
of Moon's i n t r i n s i c  i n f r a r e d  r a d i a t i o n  i n  p a r a l l e l  wi th  t h e  research  con- 
ducted at t h e  Gor 'kiy I n s t i t u t e  of Radiophysics us ing  a wide wavelength range.  

A t  t h e  same t i m e ,  methods a re  app l i ed ,  which have been descr ibed  i n  a 
number of papers  and designed t o  allow us t o  s tudy  t h e  p r o p e r t i e s  of s o l i d  
matter by i t s  emission.  

The cu r ren t  review i s  composed of f o u r  major s e c t i o n s ,  of which t h e  
t h i r d  i s  i t se l f  subdivided i n  5 sub-sections.  They are : 

I. EXPERIMENTAL RESULTS OF THE STUDY OF MOON'S RADIATION 

2. GENERAL PRINCIPLES OF STUDY OF PROPERTIES OF MATTER MAKING U p  THE 
MOON'S UPPER MANTLE ACCORDING TO ITS I N T R I N C I C  RADIATION 

3. PROPERTIES OF MATTER OF THE UPPER MANTLE 

1. Thermal P r o p e r t i e s  o f  Matter 
2 .  Va r i a t ion  of  P rope r t i e s  wi th  Depth 
3 .  Temperature Dependence of P r o p e r t i e s  of Matter  
4 .  Heat Flow from t h e  I n t e r i o r  of t h e  Moon. Study of P r o p e r t i e s  

5 .  Nature of  Matter  of t h e  Upper Mantle 
of Deep Layers 

4. DISCUSSION OF RESULTS 

The review i s  accompanied by no l e s s  than  81 b ib l iog raph ic  r e fe rences .  

(* REZUL'TATY ISSmDOVANIYA LUNY PO YEYE SOBSTVENNOMU IZLUCHENIYU 



I N T R O D U C T I O N  

2 

A t  the p r e s e n t  t i m e ,  a s  a r e s u l t  of s t u d i e s  performed 
abroad of t h e  Moon's i n t r i n s i c  i n f r a r e d  r a d i a t i o n  and of s t u d i e s  
c a r r i e d  o u t  a t  t h e  Gor 'kiy Radiophysical I n s t i t u t e  ( N  I R F I )  
i n  a broad  wavelength r eg ion  ranging from submi l l ime te r  (0 .87  mm) 
t o  meter (70  c m )  waves, data have been obta ined  which a l l o w  us  t o  
make d e f i n i t e  conclus ions  on t h e  p r o p e r t i e s  and s t r u c t u r e  of t h e  
mantle  of t h e  Moon. T h i s  fact made it necessary  t o  work o u t  
methods, desc r ibed  i n  a number o f  pape r s ,  f o r  s tudy ing  t h e  proper-  
t i e s  of s o l i d  matter f r o m  i t s  r a d i a t i o n .  A somewhat g e n e r a l  p re -  
s e n t a t i o n  of r e s u l t s  ob ta ined  p r i o r  t o  1965 i s  g iven  i n  r e f e r e n c e s  
[1-3], On t h e  basis  of r e c e n t  t heo re t i ca l  and exper imenta l  s t u d i e s ;  
it is appa ren t ly  p o s s i b l e  t o  complete t h e  basic f e a t u r e s  of deve- 
lopment of a s t r u c t u r a l  model of t h e  Moon's mant le .  W e  b e l i e v e  
that  it is  now adv i sab le  t o  p r e s e n t  a summary and d e s c r i p t i o n  of a 
contemporary model of t h e  s t r u c t u r e  of Moon's mant le ,  u t i l i z i n g  
fo r  t h i s  purpose a l l  a v a i l a b l e  exper imenta l  and theoret ical  r e s u l t s  
and methods developed fo r  t h e i r  i n t e r p r e t a t i o n .  

I. EXPERIMENTAL RESULTS O F  THE STUDY O F  MOON'S RADIATION 

The Moon's i n t r i n s i c  r a d i a t i o n  is a thermal r a d i a t i o n ,  i . e .  
it is  determined by t h e  temperature  of matter on the Moon. T h i s  
t empera ture  v a r i e s  w i t h  a pe r iod  of 29 .5  t e r r e s t r i a l  days ( 2 4 -  
hour p e r i o d s ) ,  t h u s  caus ing  f l u c t u a t i o n s  i n  t h e  i n t e n s i t y  of Moon's 
i n t r i n s i c  r a d i a t i o n .  The r a d i a t i o n  i n t e n s i t y  i n  a given wave is  
u s u a l l y  c h a r a c t e r i z e d  by t h e  e f f e c t i v e  temperature .  According t o  
measurements and theory  [ 4 ]  , t h e  effect ive b r i g h t n e s s  tempera ture  
of any element  of a s u r f a c e  w i t h  t h e  se l enograph ic  coord ina te s  0 
and JI is  w e l l  de sc r ibed  by the series: 

where Q i s  t h e  local  phase ( 0  = 0 corresponds t o  noon) ,  is  the  
phase l a g  of r a d i a t i o n  i n t e n s i t y  w i t h  r e s p e c t  t o  t h e  h e a t i n g  phase.  
The upper harmonics of b r igh tness  temperature  are c l e a r l y  appa ren t  
on ly  i n  waves s h o r t e r  t han  0 .2-0 .4  cm.  

Most o f t e n  measured i s  t h e  r a d i a t i o n  of t h e  e n t i r e  Moon's 
d i s k ,  i .e .  t h e  average e f f e c t i v e  temperature  over t h e  d i s k .  For 
a l l  waves, this temperature  is w e l l  de sc r ibed  by two t e r m s  of t h e  
series: 

- 
(2) -. 

T,O,) = Eo().) Ftk(A) COS [Qt - EI(i')l. 

The h o r i z o n t a l  bar i n d i c a t e s  averaging  over  t h e  ha l f - sphe re ,  and 
Qi i s  t h e  phase of t h e  Moon (Qt = 0 corresponds t o  ful lmoon).  

I n  the a n a l y s i s  of experimental  data  t h e  c o n s t a n t  component 
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and t h e  f i r s t  harmonic are gene ra l ly  used,  s i n c e  t h e  h i g h e r  har -  
monics are s m a l l  and so f a r  a r e  very d i f f i c u l t  t o  measure. Even 
t h e  m o s t  powerful second harmonic of b r i g h t n e s s  tempera ture  amounts 
t o  no more than  25% of  t h e  f irst  harmonic. This  f r a c t i o n  does n o t  
exceed 7% of t h e  mean radio temperature  of t h e  d i s k .  

As may be seen from ( 2 ) ,  t h e  Moon's emiss ion  spectrum is  a 
f u n c t i o n  of t i m e .  Therefore ,  it i s  a p p r o p r i a t e  t o  c h a r a c t e r i z e  
i t  by means of t h e  s p e c t r a  of t h r e e  q u a n t i t i e s :  t h e  spectrum of 
t h e  c o n s t a n t  component, t h e  spectrum o f  f i r s t  harmonic 's  ampli- 
t u d e ,  and t h e  spectrum of t h e  phase l a g  o f  t h e  f i r s t  r a d i a t i o n  
harmonic. The spectrum o f  t h e  c o n s t a n t  component, ob ta ined  by 
us ing  t h e  method of p r e c i s e  measurements w i th  t h e  a i d  of an "ar- 
t i f i c i a l  Moon", is shown i n  Figure 1, where t h e  va lue  of t h e  mean 
e f f e c t i v e  emission temperature  on t h e  Moon's d i s k  i n  t h e  g iven  
wave is  p l o t t e d  a long  t h e  o r d i n a t e  a x i s  [5-71. The ampli tude 
spectrum of t h e  f i r s t  harmonic, c h a r a c t e r i z e d  by t h e  r a t i o  

F i g . 1  
S p e c t r u m  o f  t h e  mean c o n s t a n t  d e r i v a t i v e  o f  t h e  e f f e c t i v e  
t e m p e r a t u r e ,  o v e r  t h e  Moon's d i s k  ( m e a s u r e m e n t s  c a r r i e d  o u t  
i n  1 9 6 0 - 6 7  b y  t h e  " a r t i f i c i a l .  Moon" m e t h o d ) .  

H ( h )  = Feo[Fel,  i s  shown i n  F igure  2 [S-391, f r o m  which one may 
see t h a t  t h e  amplitude of the  f irst  harmonic dec reases  wi th  i n -  
c r e a s i n g  wavelength A and t h a t  t h e  f l u c t u a t i o n s  of i n t e n s i t y  
p r a c t i c a l l y  d i sappea r  i n  waves longe r  than  15-20 cm. F igu re  3 
shows the spectrum of t h e  phase l a g  o f  t h e  f i r s t  harmonic S 1 ( ~ )  
[5-391. 

D a t a  on t h e  v a r i a t i o n  of emission i n t e n s i t y  du r ing  l u n a r  
e c l i p s e s  c o n s t i t u t e  an  important  c h a r a c t e r i s t i c  of Moon's r a d i a -  
t i o n  [47-561. These d a t a  a re  given f o r  a number of wavelengths 
i n  F igu re  4 ,  where t h e  q u a n t i t y  H3 = FemlA!i!e, is p l o t t e d  along 
t h e  o r d i n a t e  ax i s ;  t h i s  q u a n t i t y  i s  equa l  t o  t h e  r e c i p r o c a l  of 
t h e  maximum re l a t ive  i n t e n s i t y  drop c h a r a c t e r i s t i c  f o r  t h e  end 
zone of t h e  shadow phase i n  t h e  e c l i p s e  o f  t h e  c e n t e r  of t h e  



Moon's d i s k .  It may be seen  i n  F igu re  4 ,  t h a t  i n  waves longe r  
than  1.5 c m .  t h e r e  i s  p r a c t i c a l l y  no change i n  i n t e n s i t y  du r ing  
e c l i p s e .  

- 
.- 

J7 
Another impor tan t  characte-  (b 

30 
r i s t i c  of t h e  i n t r i n s i c  r a d i a t i o n  
is  i t s  p o l a r i z a t i o n .  However, 
t h e  amount of d a t a  ob ta ined  i n  
t h i s  f i e l d  i s  s t i l l  s m a l l  [57-611 
By us ing  t h e  r e s u l t s  of po la r i za -  . 20 
t i o n  measurements and F r e s n e l ' s  
r e f l e c t i o n  fac tors ,  i t  i s  p o s s i b l e  . 
t o  determine t h e  r e f l e c t i o n  fac- 
t o r  and t h e  dielectric cons t an t  
of t h e  e m i t t i n g  l a y e r .  2 .; [ 6 4 fD I l W  

I 

The spectrum of t h e  reflec- F i g .  2 
t i o n  f a c t o r  is  a r a t h e r  impor- S p e c t r u m  o f  t h e  r a t i o  o f  t h e  
t a n t  c h a r a c t e r i s t i c  of t h e  s u r -  c o n s t a n t  d e r i v a t i v e  t o  t h e  
face l a y e r .  The r e s u l t s  of mea- a m p l i t u d e  o f  t h e  f i r s t  ha rmo-  
surements of t h e  r e f l e c t i o n  fac- n i c  o f  f l u c t u a t i o n s  o f  Moon 's  
t o r  are known, and t h e s e  were ob- e f f e c t i v e  t e m p e r a t u r e  (mean  
t a i n e d  both by radar [62-661 and v a l u e  o v e r  t h e  Moon 's  d i s k ) .  
radioastronomy methods, measu-  M e a s u r e m e n t  e r r o r  f 10%. 
r i n g  c e r t a i n  c h a r a c t e r i s t i c s  of 
i n t r i n s i c  rad ioemiss ion ,  i nc lud ing  measurements of i t s  p o l a r i z a t i o n  
167-701. F u r t h e r  i n  t h i s  paper w e  s h a l l  u t i l i z e  t h e  va lues  of ra- 
d a r  r e f l e c t i o n  c o e f f i c i e n t s ,  s u b s t a n t i a l l y  reduced by us .  The fact  

F ig .3  
S p e c t r u m  o f  t h e  p h a s e  l a g  o f  
t h e  f i r s t  h a r m o n i c  o f  t e m p e r a -  
t u r e  f l u c t u a t i o n s  o f  Moon's  
r a d i o e m i s s i o n  r e l a t i v e  t o  t h e  
p h a s e  o f  s u r f a c e  t e m p e r a t u r e  
f l u c t u a t i o n s .  

is t h a t  radar experiments  y i e l d  the 
q u a n t i t y  gRl, where RI i s  t h e  r e f -  
l e c t i o n  f a c t o r  i n  t h e  case of per-  
p e n d i c u l a r  i nc idence ,  w h i l e  9 i s  a 
f a c t o r  which taken  s u r f a c e  roughness 
i n t o  account .  For an i d e a l  sphe re  
9 = 1, and t h i s  w a s  g e n e r a l l y  assumed. 
A t  t h e  same t i m e ,  model e x p e r i n e n t s  
[46] have shown t h a t  f o r  t h e  s u r f a c e  
roughness,  characteristic of t h e  Moon, 
g_ = 1 . 6  i n  cen t ime te r  waves and 
5 = 1 .06  i n  decimeter  waves. I n  Fig.  
5 ,  d o t s  r e p r e s e n t  t h e  v a l u e s  of r a d a r  
r e f l e c t i o n  f a c t o r ,  reduced according 
t o  t h e  above-mentioned v a l u e s  of 9. 
I n  t h e  same f i g u r e ,  s m a l l  crosses 
r e p r e s e n t  d a t a  obta ined  mainly from 
measurements of t h e  p o l a r i z a t i o n  of 
rad ioemiss ion  (see, for  example, 
[ 6 1 1 )  

I t  should  be noted  t h a t  r a d a r  measurements of RL can y i e l d  
e r roneous  v a l u e s  n o t  only on  account  of i n a c c u r a t e  knowledge of 2 
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b u t  a l so  as a r e s u l t  of body shape d e v i a t i o n  from s p h e r i c a l  shape 
i n  t h e  r e f l e c t i o n  region.  F o r  example, the  presence  of f l a t t e n i n g s  
o r  even concave s u r f a c e s  caused by mountains can g r e a t l y  i n c r e a s e  
t h e  r e f l e c t e d  power and, consequent ly ,  t h e  va lue  of R I  . - 

- 

Rib) 
(0 I 

a 

.' D .  

4 

*-- 
1 i.7 too fC!V a ( C ~ J  0 45 I (5  P f / t I fJ  

Fig .  4 Fig.5 

S p e c t r u m  o f  t h e  r e c e i p r o -  S p e c t r u m  o f  t h e  r e f l e c t i o n  f a c t o r  o f  ra -  
c a l  v a l u e  o f  t h e  m a x i m u m  d i o  w a v e s  b y  t h e  Moon's s u r f a c e .  D o t s  
r e l a t i v e  d r o p  o f  Moon's c o r r e s p o n d  t o  r a d a r  d a t a  ( r e d u c e d ) ;  m e a -  
e f f e c t i v e  e m i s s i o n  t e m p e -  s u r e m e n t  e r r o r  +loo% o r  - 5 0 % ;  s m a l l .  c r o s s e s  
r a t u r e  d u r i n g  i t s  e c l i p s e .  c o r r e s p o n  t o  r a d i o a s t r o n o m y  d a t a  o n  t h e  

p o l a r i z a t i o n  o f  i n t r i n s i c  r a d i a t i o n  mea- 
s u r e m e n t  e r r o r  2 2 0 % .  

2. GENERAL P R I N C I P L E S  OF STUDY O F  P R O P E R T I E S  O F  MATTER 

I T S  I N T R I N S I C  RADIATION 
MAKING UP T H E  MOON'S UPPER MANTLE ACCORDING TO 

L 

MAKING UP T H E  MOON'S UPPER MANTLE ACCORDING TO 
I T S  I N T R I N S I C  RADIATION 

As i s  w e l l  known, t h e  proper  r a d i a t i o n  of any medium can be 
d e s c r i b e d  by an equat ion  o f  r a d i a n t  energy t r a n s f e r .  
matter of t h e  Moon, t h i s  equat ion  can be s i m p l i f i e d  s i n c e  w e  may u t i -  
l i z e  t h e  p r i n c i p l e  of p a r t i a l  l o c a l  thermodynamic e q u i l i b r i u m ,  accor- 
d i n g  t o  which k i n e t i c  equi l ibr ium i n  mantle  takes p l a c e ,  a l though i n  
a g e n e r a l  case i t  i s  p o s s i b l e  t h a t  no e q u i l i b r i u m  takes p l a c e  between 
t h e  matter and t h e  surrounding r a d i a t i o n .  I f  t h e  above s a i d  i s  taken  
i n t o  account ,  t h e  equa t ion  of r a d i a t i o n  t r a n s f e r  i n  t h e  frequency v 
has  t h e  f o r m :  

For t h e  dense 

Here a" and 
index  of waves i n  t h e  medium, E is t h e  dielectric c o n s t a n t ,  A is  a fac- 

t i = 7 / ;  a r e  r e s p e c t i v e l y  t h e  damping f a c t o r  and r e f r a c t i o n  LI 
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t o r  c h a r a c t e r i z i n g  t h e  s c a t t e r i n g ,  f(%) i s  the s c a t t e r i n g  i n d i c a t r i x ,  
B v O  = B ( v ,  TI i s  a Planck’s  func t ion  f o r  t h e  r a d i a t i o n  f l u x  of t h e  
medium i n t o  vacuum. 
t o  t h e  sum of t h e  damping f a c t o r  on account  of wave ‘haw s c a t t e r i n g  
and by t h e  t r u e  a b s o r p t i o n  x v  = (1 - ) , ) a w .  The mediumls r a d i a t i o n  
i n t o  vacuum is  determined by so lv ing  t h e  f i r s t  equa t ion  i n  ( 3 )  and, 
as i s  known, i n  t h e  case of a s u f f i c i e n t l y  homogeneous medium ( in  t h e  
wavelength scale,  i s  e q u a l  to: 

A s  i s  w e l l  known, t h e  damping f ac to r  a, i s  equa l  
L. - 

where R i s  t h e  r e f l e c t i o n  f a c t o r  of r a d i a t i o n  of  a g iven  p o l a r i z a t i o n  
f r o m  the  i n t e r f a c e ,  whi le  B, i s  an unknown func t ion  which can be de- 
te rmined  by t h e  s o l u t i o n  of ( 3 ) .  I f  t h e  s u r f a c e  i s  s u f f i c i e n t l y  
smooth, then  R i s  l i n k e d  wi th  E by F r e s n e l ’ s  formulas;  i f  t h e  s u r f a c e  
has  a very  rough t e x t u r e ,  t h e n  R must be recognized as t h e  albedo of 
t h e  s u r f a c e .  

I n  t h e  case of a s u b s t a n t i a l l y  inhomogeneous medium ( fo r  a g iven  
wavelength) t h e  c o e f f i c i e n t  of r a d i a t i o n  t r a n s f e r  through t h e  s u r f a c e  
(1 - R) depends on t h e  depth 1 and must be in t roduced  under  t h e  i n t e g -  
r a l  s i g n .  
d i f f e r e n t i a l  equa t ion  [711. We may see f r o m  ( 4 )  t h a t  t h e  r a d i a t i o n  
i n t e n s i t y  depends upon t h e  d i s t r i b u t i o n  of t h e  tempera ture  i n  t h e  
l a y e r  a long  t h e  beam. F o r  t h e  Moon, t h e  temperature  of t h e  l a y e r  i s  
determined only by h e a t i n g  under t h e  a c t i o n  of s o l a r  r a y s ,  by thermal 
p r o p e r t i e s  of matter and by the heat  f l o w  f r o m  t h e  sub-sur face .  A t  a 
g iven  moment of t i m e  t a t  t h e  depth x below t h e  s u r f a c e  t h e  tempera ture  
is determined by t h e  Feat conductivi’Sy equa t ion  w i t h  corresponding 
boundary and i n i t i a l  condi t ions :  

The q u a n t i t y  R i t se l f  i s  determined i n  t h i s  case by R i c a t t i ’ s  

where, k (x ,  T) = k, + k, is the t o t a l  h e a t  c o n d u c t i v i t y ,  e q u a l  t o  t h e  
sum of t h e  molecular ,  k , and r a d i a t i o n ,  k p ,  h e a t  c o n d u c t i v i t y ;  p ( x )  
is  t h e  d e n s i t y ;  c (x, T! i s  the heat  c a p a c i t y  of matter;  Ru and Rc are 
r e s p e c t i v e l y  t h e  i n f r a r e d  and l i g h t  a lbedo  of t h e  s u r f a c e ;  so  i s  t h e  
solar  energy f l u x ;  j ( t )  i s  a func t ion  of f l u x  v a r i a t i o n  i n  t i m e ,  which 
depends on t h e  s p o t  of t h e  luna r  sphere  whose r a d i a t i o n  i s  be ing  inves-  
t i g a t e d  and which i s  a p e r i o d i c  f u n c t i o n  f o r  l u n a t i o n s  and a p u l s e  
f u n c t i o n  f o r  e c l i p s e s .  

I n  boundary cond i t ions  t h e  f irst  term r e p r e s e n t s  the s u r f a c e -  
absorbed so la r  energy,  t h e  second term the  energy loss on s u r f a c e  
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emission i n t o  vacuum, t h e  t h i r d  term - t h e  loss on h e a t i n g  t h e  body, 
and t h e  f o u r t h  - t h e  heat f l u x  f r o m  t h e  i n t e r i o r  of  t h e  Moon. I n  
t h e  case of  computation of l una t ion  regime t h e  i n i t i a l  c o n d i t i o n s  
are a r b i t r a r y  s i n c e  s t eady- s t a t e  " forced"  p e r i o d i c  s o l u t i o n  is  be ing  
sought .  I n  t h e  case of e c l i p s e ,  t h e  i n i t i a l  c o n d i t i o n s  are a s s igned  
by tempera ture  d i s t r i b u t i o n  a t  t h e  commencement of t h e  e c l i p s e ,  which 
i s  o b t a i n e d  f r o m  t h e  s o l u t i o n  of t h e  l u n a t i o n  problem a t  fullmoon t i m e ,  
which i s  t h e  on ly  t i m e  when luna r  e c l i p s e s  t a k e  p l ace .  The combination 
of Eqs. ( 3 )  - ( 5 )  f u l l y  determines t h e  Moon's i n t r i n s i c  r a d i a t i o n .  
Consequently,  it is  p o s s i b l e  a t  least  i n  p r i n c i p l e ,  t o  determine by 
us ing  v a r i o u s  r a d i a t i o n  c h a r a c t e r i s t i c s  a l l  t h e  parameters of mat ter  
e n t e r i n g - i n t o  these e q u a t i o n s ,  namely k ( x ,  T ) ,  c ( x ,  T ) ,  p(x), ~ ( x ) ,  x , (x ,  T), q, 

~ ( x ,  t ) ,  ).(xi,  f (z , ,  R,, R, and the roughness. The knowledge of these pa- 
rameters permi ts  us t o  d r a w  a conclusion on t h e  n a t u r e  of m a t t e r  
(mine ra log ica l  composition type of rocks)  and a lso on the type  of 
s t r u c t u r e  (hard  compact, hard-porous, f r iab le )  and on t h e  mic ros t ruc -  
t u r e  (dimensions of p a r t i c l e s  and p o r e s ) ,  etc.  

As is w e l l  known, comparison of t h e  observed phenomenon w i t h  i t s  
theo ry  i s  a g e n e r a l  method of s tudying  t h e  p r o p e r t i e s  of an object.  
I n  p a r t i c u l a r ,  t h e  de te rmina t ion  of Moon's l a y e r  parameters  amounts 
t o  f i n d i n g  t h e  parameters  of E q s .  (3)-(5), s a t i s f y i n g  the s o l u t i o n  
I,, known f r o m  experiments ,  i .e .  t o  s o l v i n g  t h e  i n v e r s e  problem. 
However, t h e  i n v e r s e  s o l u t i o n  of d i f f e r e n t i a l  and i n t e g r o - d i f f e r e n t i a l  
e q u a t i o n s ,  which are t h e  t y p e s  of equa t ions  w e  are d e a l i n g  w i t h  h e r e ,  
i n v o l v e s  great  d i f f i c u l t i e s .  Usually,  a d i rec t  s o l u t i o n  i s  sought  
f o r  a se t  ( fami ly)  of parameter v a l u e s ,  which are then  found by c o m -  
p a r i n g  c a l c u l a t e d  and experimental  data.  I n  p r a c t i c e  t h i s  i s  p o s s i b l e  
when t h e  s o l u t i o n  i s  determined only  by one parameter ,  H o w e v e r ,  w e  
are confronted  w i t h  about t e n  unknown parameters ,  every  one of which 
is a func t ion  of depth i n  t h e  gene ra l  case, whi le  some of t h e s e  para-  
m e t e r s  are also f u n c t i o n  of temperature.  On t h e  s t r e n g t h  of t h e  
above-said,  the method of a n a l y s i s  m u s t  c o n s i s t  i n  s e l e c t i n g  such 
r a d i a t i o n  characterist ics which are de f ined  mainly by a s i n g l e  para-  
m e t e r ;  o t h e r  parameters  either e x e r t  no e f f ec t  whatsoever on t h e s e  
c h a r a c t e r i s t i c s  or e x e r t  so small  an e f f e c t  t h a t  it can be d i s r e g a r d e d  
i n  a f i r s t  approximation. I n  o rde r  t o  e x p l a i n  t h e  s e l e c t e d  phenomenon 
o r  a group of phenomena, an appropr i a t e  p a r t i a l  model i s  b u i l t .  As- 
so r tmen t  of  p a r t i a l  models, which e x p l a i n  t h e  e n t i r e  available expe- 
r i m e n t a l  material, makes i t  p o s s i b l e  t o  b u i l d  a g e n e r a l  model t h a t  
sa t isf ies  b e s t  a l l  t h e  d a t a  a v a i l a b l e .  T h i s  approach w a s  used i n  t h e  
s tudy  of t h e  Moon. 

I t  should be no ted  t h a t  i n  o u r  s tudy  of  the  Moon based on i t s  
i n t r i n s i c  r a d i a t i o n  w e  s t a r t  from q u i t e  s p e c i f i c  o r i g i n a l  d a t a ,  known 
f r o m  o t h e r  sources .  Eqs. (3)-(5) themselves  p o i n t  o u t  these o r i g i n a l  
concepts .  The equa t ions  are v a l i d  when w e  cons ide r  t h a t  t h e  Moon has  
no atmosphere and t h a t  t h e  m a t t e r  making up i t s  upper mant le  i s  s o l i d .  
These f a c t s  are de r ived  from v i s u a l  as t ronomica l  obse rva t ions .  

A t  t h e  p r e s e n t  s t a g e  of _the s tudy  of t h e  Moon's r a d i a t i o n  it i s  
assumed t h a t  f o r  r a d i o  waves A = 0 .  Then, i n  ( 3 )  and ( 4 )  B, i s  e q u a l  
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t o  t h e  well-known functicm B. = 1i~B.0, a, = x ,  , and t h e  s o l u t i o n  i s  
cons ide rab ly  s i m p l i f i e d .  Apparently,  s c a t t e r i n g  i n  lun.ar mat ter  
w i l l  be s u b s t a n t i a l  only for  waves shorter  than  m i l l i m e t e r  waves. 

3 .  PROPERTIES OF MATTER OF THE UPPER MANTLE 

The o b t a i n e d  spectrum of t h e  o s c i l l a t i o n  ampli tude of Moon's 
r a d i a t i o n  (Fig.  2 )  shows t h a t  the  i n t e n s i t y  f l u c t u a t i o n s  decrease 
w i t h  i n c r e a s i n g  wavelength. The ampli tude of f l u c t u a t i o n s  r eaches  
a maximum i n  i n f r a r e d .  T h i s  can be exp la ined  only  by t h e  f ac t  tha t  
emission i n  t h e  i n f r a r e d  o r i g i n a t e s  from t h e  s u r f a c e  i t s e l f  and,  
consequent ly ,  t h e  va lue  of temperature  i s  a l s o  ob ta ined  fo r  t h e  
s u r f a c e .  On longe r  waves, r a d i a t i o n  o r i g i n a t e d  from a l a y e r  of 
f i n i t e  t h i c k n e s s ,  and t h e  g r e a t e r  t h i s  l a y e r  t h e  longe r  t h e  wave. 
Its t h i c k n e s s  i s  comparable w i t h  t h a t  of t h e  l a y e r  i n  which tempera- 
t u r e  f l u c t u a t i o n s  take p lace .  Thus, a process, s imi la r  i n  depth 
sounding of t h e  l a y e r ,  takes p l ace  w i t h  t h e  v a r i a t i o n  of received 
r a d i a t i o n  wave. The ampli tude of t h e  v a r i a b l e  p a r t  of t h e  r a d i a t i o n  
w i l l  be i n v e r s e l y  p r o p o r t i o n a l  to  t h e  r a t i o  between t h e  p e n e t r a t i o n  
depth  of t h e  e l ec t romagne t i c  wave l . - - l /x .  t o  t h e  p e n e t r a t i o n  depth  
of the tempera ture  wave I?. The p e n e t r a t i o n  depth of t h e  electro- 
magnet ic  wave characterizes t h e  effective t h i c k n e s s  of t h e  e m i t t i n g  
l a y e r .  The greater t h e  th i ckness  of t h e  e m i t t i n g  l a y e r ,  C. as 
compared w i t h  fr, t h e  smaller t h e  f l u c t u a t i o n  ampli tude of t h e  i n t e n -  
s i t y .  Consequently,  t h e  spectrum E( A )  c h a r a c t e r i z e s  t h e  v a l u e  of 
t h e  r a t i o  fv / f r .  A similar r e l a t i o n  between e lectr ic  and thermal para-  
meters is  c h a r a c t e r i z e d  by t h e  e c l i p s e  spectrum E, (X I .  
this case t h e  r e l a t i o n  t h u s  obta ined  w i l l  c h a r a c t e r i z e  a t h i n n e r  
upper l a y e r  of matter. 

However, i n  

1. Thermal Properties of Matter. I t  may be e a s i l y  seen  t h a t  
t h e  f l u c t u a t i o n s  of t h  e Moon's e f f e c t i v e  tempera ture ,  measured i n  
i n f r a r e d ,  do n o t  depend on med ium ' s  abso rp t ion  (xv), b u t  rather on t h e  
thermal  parameters  k ,  c and d e n s i t y .  Indeed, as the  wave becomes 
s h o r t e r  t h e  v a l u e  o f  1. decreases  and w e  measure t h e  tempera ture  
v a l u e s  a t  smaller and smaller depths .  When I, becomes much smaller 
t h a n  t h e  scale of temperature  i n  depth ,  i .e .  smaller than  t h e  va lue  
of It ,  f u r t h e r  s h o r t e n i n g  of t h e  wave w i l l  n o t  change the v a l u e  of  
t h e  r a d i a t i o n  temperature ,  and therefore, for  waves i n  this band we 
may p o s t u l a t e  1,- 0 (x .  = a~). Hence, accord ing  t o  ( 4 )  , I ,  = ( 1  - R )  [B-O]S-OB 
i .e . ,  t h e  e n t i r e  r a d i a t i o n  is determined only  by t h e  tempera ture  of 
the s u r f a c e  i t se l f ,  which i s  the s o l u t i o n  of Eq .  (5) and a f u n c t i o n  
of thermal  parameters  only.  Consequently, t h e  i n f r a r e d  and s u b m i l l i -  
meter p o r t i o n s  of the spectrum can be used f o r  t h e  de t e rmina t ion  of 
thermal parameters. However, f o r  t h i s  purpose it i s  n e c e s s a r y  t o  
adop t  some k ind  of s t r u c t u r e  model of t h e  upper l a y e r ,  t o  c a l c u l a t e  
i t s  thermal  regime if, according t o  (5) and t o  compare w i t h  t h e  e x p e r i -  
ment. The on ly  s o l u t i o n  available i n  this case i s  t h e  use  of the  
method of consecu t ive  approximations.  

As a f i rs t  approximation a homogeneous model is  adopted,  i n  which 
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t h e  p r o p e r t i e s  do n o t  depend on x. I t  i s  also assumed t h a t  t h e  
p r o p e r t i e s  do n o t  depend on t h e  tempera ture .  W e  f i n d  i n  t h i s  case 
t h a t  fo r  a know f l u x  and albedo t h e  s u r f a c e  tempera ture  depends 
only  on t h e  s i n g l e  parameter T = (kpc)-'P. I n  t h e  second approximation, 
a homogeneous model i s  adopted whose h e a t  c o n d u c t i v i t y  and h e a t  ca- 
p a c i t y  are temperature-dependent. According t o  t h e  f i r s t - a p p r o x i -  
mation model, l u n a r  rocks are found t o  c o n s i s t  of h i g h l y  porous s i l i -  
cates f o r  which t h e  h e a t  capac i ty  v a l u e  and i t s  tempera ture  depen- 
dence are w e l l  known. W e  may a l s o  estimate t h e  degree of tempera ture  
dependence of t h e  h e a t  conduc t iv i ty  a r i s i n g  as a r e s u l t  of t h e  r a d i a -  
t i v e  energy t r a n s f e r  i n  t h e  porous m a t t e r  ( s u b s t a n c e ) .  I t  w a s  found 
t h a t  a t  T = 300°K t h e  r a d i a t i v e  h e a t  c o n d u c t i v i t y  amounts t o  only  
20-30% of molecular  h e a t  conduc t iv i ty  [80] and t h e r e f o r e  it i n f l u e n -  
ces very  l i t t l e  t h e  phase dependence of t h e  i n t r i n s i c  r a d i a t i o n  both  
i n  t h e  i n f r a r e d  and radiowave range [76 ,78 ] .  I t  i s  known a t  p r e s e n t  
f r o m  measurements t h a t  t h e  midnight tempera ture  of t h e  s u r f a c e  i s  
e q u a l  t o  TN = 1 0 0 ° K  [ 4 2 ] ,  t h e  noon temperature  T = 395'K, t h e  r a t i o  
of t h e  c o n s t a n t  d e r i v a t i v e  t o  the  ampli tude of t8e f i r s t  harmonic 
T O / T  
= 0.52 .  
account  t h e  temperature  dependence of  h e a t  c a p a c i t y  i n h e r e n t  t o  t h i s  
l e a d s  t o  v a l u e s  

= 1,3, and t h e  r e l a t i v e  temperature  drop dur ing  an e c l i p s e  TE/TD= 
I n  t h e  homogeneous model approximation and t a k i n g  i n t o  

y 1  (300) = l o 3  cal-l . c m 2  . sec1/2 .degree  

y2(300) = 600 ca l - l . cm2.sec  I2 .degree 

r e s p e c t i v e l y  for  e c l i p s e s  and l u n a t i o n s .  * 

The close va lues  of y fo r  e c l i p s e  and l u n a t i o n  p rocesses  speak 
i n  f a v o r  of t h e  e x i s t e n c e  of an approximate un i fo rmi ty  of p r o p e r t i e s  
i n  depth .  Indeed, t h e  eclipse p rocess  l as t s  only  4-5 hours  and 
d u r i n g  t h i s  t i m e  on ly  t h e  uppermost l a y e r  about  1-2  c m  t h i c k  succeeds 
i n  c o o l i n g  o f f .  During a per iod  o f  29.5 days ( l u n a r  24-hour p e r i o d s ) ,  
t h e  p r o c e s s  of temperature  v a r i a t i o n  encompasses t h e  deeper  l a y e r s  of 
m a t t e r .  The depth r a t i o  i s  p r o p o r t i o n a l  t o  t h e  squa re  root of t h e  
p rocess  t i m e  r a t i o ,  i . e .  i s  equal  t o  1 0 .  Accordingly,  t h e  e c l i p s e  
va lues  of y r e f e r  t o  t h e  uppermost l a y e r ,  w h i l e  l u n a t i o n  va lues  are 
r e l a t e d  t o  a l a y e r  t e n  t i m e s  t h i c k e r .  

Ana lys i s  of t h e  spectrum (Fig .2)  has  shown t h a t  it ag rees  w e l l  
w i t h  a homogeneous model l a y e r  [72,731 and does n o t  correspond t o  a l l  
t o  t h e  s h a r p l y  inhomogeneous model, which assumes t h e  e x i s t e n c e  of a 
d u s t  l a y e r  s e v e r a l  m i l l i m e t e r s  t h i c k  cover ing  compact rocks. The 
uniform d i s t r i b u t i o n  i n  depth of ma t t e r ' s  thermal  p r o p e r t i e s  i s  
demonstrated p a r t i c u l a r l y  c l e a r l y  by t h e  e x i s t e n c e  of a l i m i t  phase 
r e t a r d a t i o n  t l ,  e q u a l  t o  45O, wi th  i n c r e a s i n g  wavelength ( F i g . 3 ) .  
This  i s  p r e c i s e l y  t h e  va lue  obta ined  i n  t h e  theo ry  of a homogeneous 
model [ 4 ] .  Every s i g n i f i c a n t  inhomogeneity i n  dep th ,  and p a r t i c u l a r -  
l y  a d u s t  l a y e r ,  r e s u l t s  i n  a sha rp  i n c r e a s e  of t h e  l i m i t i n g  r e t a r d a t i o n  

* P r e v i o u s l y ,  t h e  v a l u e s  T, = 120°K a n d  T o / T 1  = 1 . 5  w e r e  o b t a i n e d ,  
w h i c h  g a v e  y 2  = 350 Cl,b!!I for l u n a t i o n s .  



. .  

10 

Thus, a homogeneous model agrees  r a the r  w e l l  w i t h  t h e  i n t r i n s i c  
r a d i a t i o n  spectrum. I n  a d d i t i o n ,  as c a l c u l a t i o n s  of t h e  Moon’s 
thermal  regime show, t h e  c h a r a c t e r  of propagat ion  of a h e a t  wave 
is n o t  g r e a t l y  a f f e c t e d  by t h e  i n t r o d u c t i o n  o f  tempera ture  depen- 
dence of p r o p e r t i e s ,  which i s  c h a r a c t e r i s t i c  l una r  m a t t e r  [ 78 ] ,  
i . e .  the theo ry  of l u n a r  r a d i a t i o n  developed f o r  a homogeneous 
(uniform) model w i t h  temperature-independent p r o p e r t i e s  i s  a p p l i -  
cable w i t h  s u f f i c i e n t  approximation t o  t h e  case of tempera ture  
dependence. T h i s  f a c t  makes i t  p o s s i b l e ,  by us ing  t h e  developed 
theo ry  of r a d i a t i o n  of  a homogeneous model, t o  determine i n  a 
second approximation a number of parameters  of m a t t e r .  I t  w a s  
found t h a t ,  i n  the wave r a n g e  of 0 . 1  cm t o  15 cm.* 

where b = tgA/p, and tgA i s  the ang le  of l u n a r  m a t t e r  losses. 

The ob ta ined  spectrum o f  the  q u a n t i t y  1, = 2,21,1, as i n  t h e  
case of t h e  f i r s t -approximat ion  model, i n d i c a t e s  the dielectr ic  
n a t u r e  of l u n a r  matter. I t  i s  m o s t  p robable  t h a t  rocks, s i m i l a r  
t o  t h o s e  found on Ea r th ,  i r e ,  s i l i ca t e s ,  are c o n s t i t u t e d  of such 
a d i e l e c t r i c  material .  T h i s  provides  us immediately va lue  fo r  
t h e  heat c a p a c i t y ,  which f o r  a l l  s i l i ca tes  on t h e  average ( w i t h  
a p r e c i s i o n  up t o  1 0 % )  is  equal  at T = 300° t o  c (300)  = 0.19  cal. 
degree’’.gr’l. 

The f u r t h e r  de te rmina t ion  Of parameters  such as t h e  d e n s i t y  
of t h e  m a t t e r  and heat conduc t iv i ty  i s  p o s s i b l e  by making use  of 
new and independent  measurements. An independent measurement of 
d e n s i t y  may invo lve  t h e  measurement of t h e  d i e l e c t r i c  c o n s t a n t  
which is  known t o  be dependent on t h e  degree  of p o r o s i t y  and which 
f o r  s i l i ca t e  rocks, i s  r a t h e r  p r e c i s e l y  l i n k e d  wi th  t h e  d e n s i t y  p 
by t h e  r e l a t i o n  [741 

vc e 1 + ap, 

where a = 0.5. 

Several methods f o r  measuring E of matter making up t h e  upper 
mant le  of t h e  Moon have been proposed [ 6 7 ,  6 9 ,  7 0 1 ,  which are based 
on t h e  f a c t  t h a t  t h e  Moon’s surface i s  so smooth f o r  radio waves, 
as shown i n  radar s t u d i e s ,  t h a t  F r e s n e l ’ s  formula f o r  t h e  r e f l e c t i o n  
f a c t o r  is  va l id  i n  t h e  wavelength range > 0.8 c m .  Hence it i s  pos- 
s i b l e  t o  determine E f r o m  t h e  p o l a r i z a t i o n  of i n t r i n s i c  r a d i a t i o n  
[691 ,  f r o m  t h e  d i s t r i b u t i o n  of b r i g h t n e s s  tempera ture  a long  t h e  
l u n a r  d i s k  [67] ,  which y i e l d s  t h e  f u n c t i o n  R ( @ ,  $1 and f i n a l l y  f r o m  
d i r e c t  r a d a r  measurements of the  r e f l e c t i o n  [62-661 and by o ther  
methods [70] .  

value 1 , / 1 ,  e 2  w a s  t h F i  * According t o  a first-approximation model, 
previously given. The new value for To/T,-1,3 instead 
o f  1.5) leads to ( 7 )  1 -  
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Thus, knowing E and us ing  (8), w e  f i n d  pl= ( 0,6 '",:f) g r . ~ m - ~ ,  w h i c h  

together w i t h  ( 6 )  g i v e s  u s  a value of k-, 10-5ca l . cm '1  .sec-l .degree- ' ,  

and hence l r ~ . ( 2 k / ? ~ Q ) ' . ' 2 ~ 7 . 5  c m . ,  f i n a l l y  according t o  ( 7 )  , I ,  = 171. , e tc .  

2 .  V a r i a t i o n  of P r o p e r t i e s  w i t h  Depth. D a t a  are a v a i l a b l e  
which i n d i c a t e  a s o m e w h a t  weak nonuniformity of p r o p e r t i e s  of l u n a r  
matter i n  depth.  This fact  does n o t  c o n t r a d i c t  t h e  above a s s e r t i o n  
t h a t  t h e  s p e c t r a  of t h e  amplitude and phase l a g  correspond t o  an homo- 
geneous model. The p o i n t  i s  t h a t  these s p e c t r a  are n o t  ve ry  s e n s i t i v e  
t o  s m a l l  inhomogenei t ies .  A weak inhomogeneity, i n  which p r o p e r t i e s  
change i n s i g n i f i c a n t l y  w i t h  depth (1.5 t o  2 t i m e s  w i t h  regard t o  den- 
s i t y )  and smoothly, a s  c a l c u l a t i o n s  show, does n o t  g r e a t l y  a f f e c t  t h e  
c h a r a c t e r  of s p e c t r a  ( t h e i r  v a r i a t i o n s  l i e  w i t h i n  t h e  l i m i t s  of 
measurement p r e c i s i o n .  T h e r e f o r e ,  t h e  spectrum ob ta ined  a l l o w s  t h e  
e x i s t e n c e  of a c e r t a i n  inhomogeneity. 

I n  o r d e r  t o  c l a r i f y  t h e  na tu re  of this inhomogeneity, w e  must 
f i n d  t h e  parameters  s e n s i t i v e  to  t h i s  inhomogeneity and measurable.  
Such parameters are t h e  wave r e f l e c t i o n  factor ,  t h e  r a d i a t i o n  p o l a r i -  
z a t i o n ,  and a l so  t h e  data on t h e  "obscured" and n i g h t  tempera tures  
of t h e  l u n a r  s u r f a c e .  A n  i nc rease  of t h e  r e f l e c t i o n  factor  i n  t h e  

15-20 cm. wavelength range (Fig.5) may i n d i c a t e  e i ther  a t r u e  fre- 
quency dependence of t h e  d i e l e c t r i c  c o n s t a n t  of l u n a r  m a t t e r  or  t h e  
e x i s t e n c e  of a nonuniformity of dielectr ic  p r o p e r t i e s  i n  depth .  The 
f i r s t  assumption must be r e j e c t e d  s i n c e  t h e  observed and s u f f i c i e n t l y  
sha rp  i n c r e a s e  of E w i t h  i nc reas ing  wavelength must, accord ing  t o  
Kramers-Kronig's theorem, be accompanied by an i n c r e a s e  of t h e  ang le  
of l u n a r  mat ter  losses i n  t h i s  wavelength range ,  which would have 
a f f e c t e d  t h e  spectrum of  M ( h ) .  T h i s  has  n o t  been observed sofar,  
so t h a t ,  appa ren t ly ,  t h e  second case t a k e s  p l a c e .  Indeed, i f  t h e  
upper l a y e r  has  a l o w e r  d e n s i t y  it must have a smaller d i e l e c t r i c  
c o n s t a n t .  The waves i n c i d e n t  upon t h e  s u r f a c e ,  whose l e n g t h  i s  much 
smal le r  t han  t h e  t h i c k n e s s  of t h e  upper l a y e r ,  w i l l  be r e f l e c t e d  
from t h e  i n t e r f a c e  between medium and t h e  vacuum. A s  a r e s u l t  of s m a l l  
v a r i a t i o n s  i n  p r o p e r t i e s  over  the  wavelength,  p a r t  of wave energy 
which passed  through t h i s  i n t e r f a c e  w i l l  pa s s  i n t o  t h e  dense l a y e r  
w i t h o u t  be ing  r e f l e c t e d  by i t  and w i l l  be a t t e n u a t e d .  On t h e  c o n t r a r y ,  
for  waves whose l e n g t h  i s  much greater than  t h e  t h i c k n e s s  of t h e  
inhomogeneous l a y e r ,  t h e  l a t t e r  doec n o t  s e e m  t o  e x i s t  and these 
waves are reflected f r o m  the lower and dense r  l a y e r .  

Thus, t h e  r e f l e c t i o n  f a c t o r  f o r  such a medium w i l l  va ry  i n  a 
c e r t a i n  f requency range from its va lue  a t  the  s u r f a c e  t o  t h a t  of i t s  
s u b s t r a t e .  

The p r e s e n t l y  a v a i l a b l e  c a l c u h t i o n  of t h e  r e f l e c t i o n  factor 
for  an  e x p o n e n t i a l  d e n s i t y  v a r i a t i o n  wi th  depth:  

(9 1 P(%) =pa-  (p i -  PI )  exp(- -  X I X O ) ,  
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where p = p ( 0 )  , p = P ( m )  , has shown t h a t  t h e  wavelength n e a r  which 
change of t h e  r e f l e c t i o n  f a c t o r  t a k e s  p l a c e  i s  X 1  = 20 x o  [75 ] .  AS 
may be seen from Fig .5 ,  t h i s  value i s  Q, 30 c m .  Consequently,  t h e  
c h a r a c t e r i s t i c  dimension of t h e  l a y e r  i s  x o  = 1 .5  c m .  
of t h e  l a y e r  i s  approximately d = ( 3  - 4 )  cm. The fo l lowing  data  
s a t i s f y  t h e  observed spectrum RIA]: p 1  = 0 . 6  g . ~ m ' ~  when p 2 / p 1  = 
= (1 .5 - 2) and x o  = 1.5  cm. As w e  have seen ,  t h e  same degree of i n -  
homogeneity i s  a l s o  obta ined  by c a l c u l a t i n g  y by s u r f a c e  tempera tures  
dur ing  e c l i p s e s  and l u n a t i o n s  provided t h e  tempera ture  dependence of 
h e a t  c a p a c i t y  i s  taken i n t o  account. 
i n  (6) p o i n t s  t o  d e n s i t y  inc rease  of  matter i n  depth.  

The dimension 

The d i f f e r e n c e  between y 1  and y 2  

Thus, phenomena such as t h e  s u r f  ace temperature  du r ing  e c l i p s e  
and t h e  l u n a r  n i g h t ,  t h e  spectrum of t h e  r e f l e c t i o n  factor ,  t h e  spectrum 
of the ampli tude and phase l a g  a r e  a l l  i n  agreement w i t h  an approxi-  
matly homogeneous model i n  which p r o p e r t i e s  do n o t  vary over  a d i s -  
t a n c e  of 3-4 cm. by m o r e  t han  1.5-2 t i m e s .  A t  t h e  same t i m e  t h e  

d e n s i t y  a t  t h e  s u r f a c e  i s  g . ~ m - ~  w h i l e  a t  t h e  depth of 3-4 c m  

and more it is  (0 .9  .- 1 . 2 ) g . ~ m ' ~ .  

S t u d i e s  of h e a t  conduc t iv i ty  of porous s i l i c a t e  materials i n  
vacuum show t h a t  it i s  p ropor t iona l  t o  t h e  d e n s i t y  f o r  a g iven  " s t r u c -  
t u r e "  of theporous body, i.e. 

(10 1 k = ap. 

The q u a n t i t y  a depends on the type of porous body (hard-porous,  l o o s e ) .  
R e l a t i o n  ( 1 0 )  i s  v a l i d  f o r  p G 1 .5  g . ~ m - ~  and must a l s o  be a p p l i c a b l e  
t o  l u n a r  m a t t e r .  Consequently, t h e  h e a t  c o n d u c t i v i t y  v a r i e s  i n  depth  
t o  the  same e x t e n t  as p .  
f i n d  t h a t  f o r  l u n i t e  a,,==10-5 cal.cm2 .sec'l .deg-l X g-1. 
cor responds  best t o  a hard-porous body w i t h  open pores .  

Using the above d a t a  y 1  , y 2  and pl, p 2  w e  
T h i s  va lue  

3 .  Temperature Dependence of t h e  P r o p e r t i e s  of Matter. The 
h e a t  c o n d u c t i v i t y  of porous bodies must a p r i o r i  depend on tempera ture  
on account  of r a d i a t i v e  heat t r a n s f e r  through pores .  I n  t h e  " l u n a r "  
tempera ture  range ,  r a d i a n t  h e a t  t r a n s f e r  takes p l a c e  by means of 
emiss ion  i n  i n f r a r e d  waves whose l e n g t h  corresponds t o  P l a n c k ' s  
maximum X = 0.38/T= ( 1 0  -- 30) microns. For  a porous body, i n  which 
t h e  e f f e c t i v e  s i z e  of pores  i s  e q u a l  t o  and t h e  a c t u a l  subs t ance  
(matter) i s  impervious t o  i n f r a r e d  waves ,lP t h e  magnitude of r a d i a t i v e  
h e a t  c o n d u c t i v i t y  kp, i s  

. RH 
2 - R* 

k,, w - 4a1,T'. 

H e r e ,  u is  a Stefan-Boltzmann's c o n s t a n t .  It  ma17 be shown t h a t  fo r  
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l u n a r  temperatures  t h e  r a d i a t i v e  heat  c o n d u c t i v i t y  i s  much smaller 
than  t h e  molecular  provided the  s i z e  o f  the pores  does n o t  exceed 
1 /10  of a m i l l i m i t e r .  

A s  is w e l l  known, t h e  matter i t s e l f  can be permeable t o  i n f r a -  
16 - 
3 

r e d  waves; then  k,, = -aa.,,I. T3,  w h e r e  i s  Rose land ' s  mean p e n e t r a t i o n  

depth of r a d i a t i o n  i n t o  t h e  mat te r  and Ei i s  t h e  d i e l e c t r i c  c o n s t a n t  
of mat ter  f o r  i n f r a r e d  waves. C a l c u l a t i o n s  show t h a t ,  when t h e  de- 
pendence I ,  = 01 holds  ( t h i s  dependence fo l lows  f r o m  radio measurements 
and t h e  heory of nonresonant wave abso rp t ion  i n  ma t t e r ) ,  I ,  = 0,365 a/T . 
Hence [801 ,  w e  have 

- 

k p  = 2&iaaT2 .  

Frequent  a t t empt s  have been made t o  d i scove r  t h e  e f f e c t  of r a d i a t i o n  
t r a n s f e r  on t h e  Moon's radioemission.  Attempts invo lv ing  a theore-  
t i c a l  a n a l y s i s  of t h i s  e f f e c t  [781 have led t o  t h e  conclus ion  t h a t  
t he  phase dependence of i n t r i n s i c  r a d i a t i o n  both i n  t h e  i n f r a r e d  and 
radiowave range is  n o t  s e n s i t i v e  t o  t h e  e x i s t e n c e  of r a d i a t i v e  t r a n s -  
fer. Experimental  d a t a  ag ree  wi th  a w i d e  range of models having 
thermal  p r o p e r t i e s  which are both dependent on and independent  of t h e  
tempera ture .  I n  order t o  estimate t h e  role of r a d i a t i o n  t r a n s f e r ,  it 
is  necessary  t o  f i n d  phenomena which are determind t o  a s u f f i c i e n t l y  
g r e a t  e x t e n t  by tempera ture  dependence of  h e a t  c o n d u c t i v i t y .  Such a 
phenomenon, as w a s  found la te r ,  does e x i s t .  

I t  has  been po in ted  o u t  t h a t  t h e  presence  of weak temperature  
dependence of heat  conduc t iv i ty  r e s u l t s  i n  a q u a l i t a t i v e l y  new effect  
[77] c o n s i s t i n g  i n  an i n c r e a s e  i n  depth  of  t h e  c o n s t a n t  component i n  
a l a y e r  of t h e  order 1,. 
by means of Eq. ( 3 )  f o r  d i f f e r e n t  laws of temperature  dependence [78 ,  
791. I t  w a s  found t h a t  t h e  temperature  a c c r e t i o n  AT,,, depends on y 
and t h e  q u a n t i t y  kp/k,. I t  has been shown i n  [ 791  t h a t  t h e  c o n s t a n t  
component of t h e  t r u e  temperature i n c r e a s e s  i n  depth according t o  t h e  
l a w  T,(x) = To+ ATl,,,,[l - exp ( -2x /1r )1 .  T h i s  r e s u l t s  i n  a growth of t h e  con- 
s t a n t  component of r a d i o  temperature  wi th  i n c r e a s i n g  wave l e n g t h ,  
However, t h i s  growth must cease on waves m a t i n s  f r o m  a depth g r e a t e r  
t han  (2-4) I C a l c u l a t i o n s  show t h a t  t h e  c o n s t a n t  component of radio- 
e m i s s i o n ' s  k g h t n e s s  temperature  depends on t h e  wave accord ing  t o  t h e  

T h i s  e f f e c t  w a s  l a t e r  computed q u a n t i t a t i v e l y  

r e l a t i o n  

Yence, i t  may be seen t h a t  t h e  c o n s t a n t  component r eaches  its 
value.  r,, = Tn,+-,AT,,,,. as e a r l y  a s  i n  wavelengths ?J 2-3 c m .  Thus, by 
measuring i n  i n f r a r e d  t h e  temperature on t h e  s u r f a c e  and i n  depth  
(on waves w i t h  X = 2-3 cm) w e  can f i n d  t h e  tempera ture  a c c r e t i o n  ATmax 
and determine kp/k,. 
p r e c i s e  measurements of r a d i o  temperature  by t h e  " a r t i f i c i a l  Moon" 
method. I t  has  been shown i n  [a01 t h a t  t h e  e x i s t i n g  d i f f e r e n c e  of 
10-15O i n  t h e  c o n s t a n t  components ob ta ined  from i n f r a r e d  and r ad io -  

Such a de termina t ion  became p o s s i b l e  owing t o  
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wave measurements can be expla ined  by t h i s  e f f ec t .  By comparing 
w i t h  t heo ry  it w a s  found t h a t ,  i f  t h e  l u n a r  matter i s  impervious 
t o  i n f r a r e d  waves and has  Y, Y 600 cal-’ . c m 2  .sec’l2 .degree ( t h i s  
va lue  o f  y 2  i s  taken  a t  T = 3 O O 0 K ) ,  t hen  the  relative s h a r e  of 
r a d i a t i o n  t r a n s f e r  through pores a t  T = 300°K i s  e q u a l  to k (300)/ 
/k, = 0.25. 
S u b s t a n t i a l l y  l a r g e r  ( g r e a t e r )  shares w e r e  founs  by way of compari- 
son of t h e  c a l c u l a t e d  s u r f a c e  temperature v a r i a t i o n  dur ing  s u n s e t  
w i th  t h e  exper imenta l  r e s u l t s  [ 7 6 ] .  Homogeneous models w e r e  used 
i n  a l l  these c a l c u l a t i o n s ,  s ince  inhomogeneity of p r o p e r t i e s  does 
n o t  r e s u l t  i n  t h e  above-mentioned effect  of c o n s t a n t  component 
growth w i t h  dep th ,  a l though it does a f f e c t  the  va lue  of ATmax. 

0.6=10’5 sal.cm-’.sec”.deg’’, w e  w i l l  o b t a i n  
k 
(6!25 - 0.4)010-5 ca .cm”.sec”.deg”. From t h e  ob ta ined  va lue  of 

pores  c o n s t i t u t e s  170-350 p. Since t h e  p o r o s i t y  of mat ter  i s  close 
t o  50%, the pore dimensions must be approxim t e l y  e q u a l  t o  t h e  dimen- 
s i o n s  of  p a r t i c l e s .  If t h e  m a t t e r  i s  assumed to  be permeable t o  
i n f r a r e d  waves, t h e n ,  according t o  ( 1 2 )  and t o  t h e  va lue  of k,, w e  
f i n d  t h a t  a = 6-12 and, consequent ly ,  fo r  i n f r a red  waves 1. = (6- 1 2 ) ~ .  
A s  w e  have seen ,  for  waves longer  than  1000 p, 1, = 171. I t  seems t o  
be m o s t  p robable  t o  us t h a t  t h e  matter i s  permeable t o  i n f r a r e d  
waves. Then, t o  r ende r  t h i s  heat t r a n s f e r  through pores  i n s i g n i f i -  
c a n t ,  t h e  l a t t e r  and, consequent ly ,  t h e  p a r t i c l e s  of mat te r ,  a l so  
must be many t i m e s  smaller than t h e  pa th  l e n g t h  of an i n f r a r e d  
quantum, equa l  t o  I ,  =(GO- 120) 1.1. Apparent ly ,  these may be p a r t i c l e s  
having a s i z e  ranging from 1 / 1 0  t o  s e v e r a l  t e n t h s  of micron. A s  
i s  shown by c a l c u l a t i o n s  of  [81],  t h e  l o w  va lue  o f  heat c o n d u c t i v i t y  
re u i r e s  t h a t  t h e  c o n t a c t  area of such p a r t i c l e s  be approximately 
1 0  -10’ t i m e s  smaller than  the c ross - sec t ion  area of t h e  p a r t i c l e  
i t s e l f .  Thus, t h e  h e a t  conduc t iv i ty  of l u n a r  matter is  e q u a l  t o  

I n  the case of permeable matter,  k (300)/k, = 8 ? 4 .  

S e t t i n g  k, 

w e  s h a l l  f i n d  wi th  t h e  a i d  of (11) t h a t  t h e  e f f e c t i v e  s i z e  of  

(300) = (0.15 - 0.25)*10’5 cal.cm-’.sec”.deg‘’ and k, (300) = 

k F P ’  

‘z 

where k, is given by t h e  va lues  ob ta ined  above. 

An e s s e n t i a l  p o s s i b i l i t y  of s tudying  t h e  p r o p e r t i e s  of t h e  
uppermost l a y e r  c o n s i s t s  i n  t h e  s tudy  o f  t h e  rad ioemiss ion  of t h e  
Moon dur ing  i t s  e c l i p s e .  Since tempera ture  v a r i a t i o n s  du r ing  e c l i p s e  
are 1 .5  t i m e s  smaller than  those du r ing  l u n a t i o n s ,  t h e  e f f e c t s  of a l l  
p o s s i b l e  temperature  dependences c ( T ) ,  k(T), and X(T) are cons ide rab ly  
weaker. 

A s  is shown by c a l c u l a t i o n s  of [791,  t h e  presence  of temperature  

By v i r t u e  of t h e  above-said, w e  may use fo r  t h e  a n a f y s i s  of 

dependence of heat c a p a c i t y  t o  t he  degree observed f o r  s i l i ca t e s  
does n o t  cause any s u b s t a n t i a l  v a r i a t i o n  i n  t h e  va lue  of T whatso-  
ever. 
an e c l i p s e  t h e  c a l c u l a t i o n  of a model w i t h  a temperature- independent  
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h e a t  c o n d u c t i v i t y  and heat capac i ty  wi th  a good approximation. 
Besides t h e  sha l low depth encompassed by t h e  coo l ing  p rocess  allows 
us t o  u t i l i z e  for  t h e  s tudy  of an e c l i p s e  a uniform model w i t h  good 
reason .  Accordingly,  an  emission theory  has  been developed for  an 
e c l i p s e d  Moon [471 i n  t h e  approximation of an homogeneous model w i th  
temperature-independent p r o p e r t i e s .  Comparison of t h e  spectrum of 
i n t e n s i t y  v a r i a t i o n  w i t h  t h e  above theo ry  makes it p o s s i b l e  t o  deter- 
mine f o r  the f i r s t  cen t ime te r  of t h e  l a y e r  t h e  va lue  

q,/vc 6 ,  = ( 1  1,4 k 3) lo?. (14) 

According t o  (7 )  t h e  same value,  determined f r o m  l u n a t i o n  measurements 
i n  t h e  approximation of an homogeneous temperature-independent model, 
is: 

When t h e  temperature  dependence of p r o p e r t i e s  and t h e  weak inhomoge- 
n e i t y  are taken i n t o  account ,  t h i s  r e l a t i o n ,  g e n e r a l l y  speaking ,  i s  
n o t  a c c u r a t e .  However, as a l r eady  s t a t e d  above, i n  view of t h e  s m a l l  
t empera ture  and depth  parameter v a r i a t i o n s  t h e  homogeneous model theo-  
r y  g i v e s  a s u f f i c i e n t l y  good approximation. C a l c u l a t i o n s  t a k i n g  a l l  
these f a c t o r s  i n t o  account can be performed on ly  on an e l e c t r o n i c  
computer; these c a l c u l a t i o n s  w i l l  show t h e  p r e c i s i o n  of approximation 
a t  a l a t e r  d a t e .  

Cons ider ing  t h e  f a c t  t h a t  = l o 3  cal- ' .crnz.sec1/2.deg,  = 
= 1 , 7  and ~ ~ ( 3 0 0 )  = 600 cal-icm'tsec1/2.deg, c2 = 1.5,  w e  o b t a i n  

An exp lana t ion  of the  h i g h e r  from ( 1 4 )  and (15) 61 =(13:k4)-39 bir- ( :;)10--3. 

va lue  of t g  A/ i n  a l a y e r  3-4 cm-thick i s  beset w i t h  c e r t a i n  d i f f i c u l -  
t ies,  
as a r e s u l t  o f  t h e  e x t e r n a l  a c t i o n  of t h e  f l u x  of p a r t i c l e s  and i o n i -  
z ing  r a d i a t i o n s ,  o r  because the  chemical composition o f  t h i s  l a y e r  i s  
d i f f e r e n t  from t h e  under ly ing  one; t h e  l a t t e r  may also be associated 
w i t h  p ro ton  f l u x e s .  Usually t e r r e s t r i a l ' b a s i c  rocks and, i n  p a r t i c u l a r ,  
s t o n e  meteorites have g r e a t e r  losses. H o w e v e r ,  it i s  d i f f i c u l t  t o  
assume t h a t  t h e  upper l a y e r  c o n s i s t s  of more b a s i c  rocks  than  t h e  l o w e r  
l a y e r .  I t  i s  p o s s i b l e  t h a t  the  d i f f e r e n q e  i s  connected wi th  some ef-  
fects s t i l l  unaccounted for i n  theory  and t h a t  i n  r e a l i t y  t h e r e  i s  no 
such d i f f e r e n c e .  I n  p a r t i c u l a r  i f  one assumes a s t r i c t l y  homogeneous 
model ( E ~ = E ? ,  '[I=;?) no d i f f e r e n c e  i n  t h e  va lues  of tgA/p w i l l  be observed. 
These problems r e q u i r e  f u r t h e r  c l a r i f i c a t i o n .  

W e  may % d m i t  t ha t  t h e  upper l a y e r  undergoes g r e a t  losses e i t h e r  

A l l  t h e  data examined above are based on a s tudy  of r a d i a t i o n ' s  
phase dependences, are r e l a t e d  t o  a l a y e r  (4-5) 1, = 4 0 c m  t h i c k ,  i n  
which tempera ture  f l u c t u a t i o n s  are s t i l l  t a k i n g  p l a c e .  A wavelength 
A 'L 2-25 c m  corresponds t o  t h i s  depth of 40  c m .  I n v e s t i g a t i o n  of 
g r e a t e r  depths  by t h i s  method ( i . e .  accord ing  t o  t h e  phase course  on 
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l onge r  waves) i s  imposs ib le  i n  p r i n c i p l e ,  a l though such a s tudy  no 
doubt  y i e l d s  t h e  damping va lue  of t h e  same upper l a y e r  i n  longe r  
waves. 

Another p o s s i b i l i t y  of  s tudying g r e a t  depths  w a s  found, which 
i s  based on temperature  inc rease  i n  depth  a s  a r e s u l t  of h e a t  f low 
from t h e  i n t e r i o r  of t h e  Moon. 

4 .  H e a t  F l o w  f r o m  t h e  I n t e r i o r  of t h e  Moon. Study of Proper- 
ties of Deep Layers.  Measurements by t h e  " a r t i f i c i a l  Moon" method 
have made it p o s s i b l e  t o  d e t e c t  an i n c r e a s e  of t h e  c o n s t a n t  compo- 
n e n t  of t h e  Moon's tempera ture  wi th  wavelength,  which i s  e q u i v a l e n t  
t o  t h e  d e t e c t i o n  of  temperature  i n c r e a s e  i n  depth .  The correspon-  
d ing  spectrum i s  shown i n  Fig.1. A number o f  impor tan t  conclus ions  
can be drawn on t h e  b a s i s  of t h i s  spectrum F i r s t ,  t h e  almost l i n e a r  
increase of  t h e  e f f e c t i v e  temperature up t o  wavelengths  A 15-20 c m  
p o i n t s  t o  approximate i n v a r i a b i l i t y  o f  h e a t  conduc t iv i ty  i n  t h e  l a y e r  
down t o  a depth corresponding t o  these waves, i . e .  about  4 m. Secondly,  
t h e  c e a s i n g  of temperature  a c c r e t i o n  p o i n t s  t o  t h e  presence  of compact 
rock format ions  a t  g r e a t e r  depths .  

C a l c u l a t i o n  of radioemission f o r  such a two-layer medium i s  i n  
good agreement wi th  t h e  obta ined  spectrum of t h e  c o n s t a n t  rad ioemiss ion  
component for a l a y e r  t h i ckness  of d ,  = 4 m and a thermal  flow 
q = 0.85=10'6 cal.cm-2.sec". 
s i o n  f o r  t h e  dependence T,, ( A )  when X 3 3 c m  and ir ,  t h e  presence  of 
thermal  f l o w  from t h e  i n t e r i o r  w i t h  a d e n s i t y  q (ca l . cm-2 . sec - ' )  : 

The theo ry  g i v e s  t h e  fo l lowing  expres-  

H e r e ,  A ,  = 0.8  i s  a c o e f f i c i e n t  appear ing  when averaging over t h e  
Moon's d i s k  i s  performed. 
be expressed  from ( 1 6 )  by means o f  t h e  va lue  of t h e  d e r i v a t i v e  dTeo/dX 
a t  A ,  when d 2  >>  17X, i .e.  fo r  a wave wi th  A = 3-10 cm: 

The tempera ture  g r a d i e n t  dT/dx and q can 

The q u a n t i t y  dTeo/dh i s  determined from F ig .1  ahd i n  t h e  range X = 3-15cm 
it i s  equa l  t o  1 deg.cm". 
i s  l 7-8 c m ;  accord ingly ,  from ( 1 7 )  t h e  temperature  g r a d i e n t  caused 
by t h e  h e a t  f l o w  f r o m  t h e  i n t e r i o r  of  t h e  Moon i s  e q u a l  t o  6-7 deg.m" 
i n  t h e  e n t i r e  4-m-thick l a y e r .  
b a s i c  l a y e r  a t  tempera ture  T = 250°K, corresponding t o  t h i s  l a y e r .  

The p e n e t r a t i o n  depth of t h e  thermal  wave 

Parameter y2 must be t aken  for  t h e  

W e  ob ta ined  y 2  ( 3 0 0 )  = 6 0 0  cal-'.cm2.sec'/2 .deg. For both  l a w s  of 
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r a d i a t i o n  h e a t  c o n d u c t i v i t y ,  ~ ~ ( 2 5 0 1  = 700 cal-’ .cm2.sec’ /2 .deg.  
Hence, q = (0.85 k 0.2)-10-6 cal.cm‘2.sec-’. I n  F ig .  1, t h e  s o l i d  
curve c s i n c i d e s  w i t h  t h e  t h e o r e t i c a l  curve of t h e  c o n s t a n t  component 
for t h e  above-mentioned flow and t h i c k n e s s  of t h e  porous l a y e r .  It 
should be no ted  t h a t  i n  1781, on t h e  b a s i s  of our d a t a  f o r  T 0 ( A ) ,  a 
cons ide rab ly  smaller  va lue  o f  q w a s  found, namely q = 0.34-16-6ca l .  
.crn-‘.se~-~. The reason for  tcis i s  t h a t  a too h igh  va lue  y p  ( 2 5 0 )  = 
= 1300 cal”.cm . sec ’ I2 .deg .  was taken i n  [781, as w e l l  as an under- 
r a t e d  v a l u e  of  dTeo/dA, determined from t h e  mean i n c l i n a t i o n  of t h e  
curve i n  F ig .1 ,  i n  t h e  range of X = 3-35 cm. 

2 

5 .  Nature  of Matter of the Upper Mantle. Sofar t h e  only  pos- 
s ib le  and somewhat r e l i a b l e  way of  de te rmining  t h e  chemical composi- 
t i o n  and t h e  p r i n c i p a l  rocks forming t h e  upper mantle of t h e  Moon i s  
t h e  use  of t h e  cen t ime te r  waves by l u n a r  mat te r .  As previous  s tud ies  
have shown 1741,  t h e  s p e c i f i c  angle of losses of v a r i o u s  t e r res t r ia l  
rocks ,  b = t g  A /  , is p r a c t i c a l l y  independent of p and depends only  
on t h e  Eype of rgck and, apparent ly ,  on t h e  cond i t ions  l e a d i n g  t o  i t s  
formation.  I t  w a s  found t h a t  t h e  group of  rocks  corresponding t o  t h e  
l u n a r  va lue  of t h e  s p e c i f i c  loss ang le  can be determined by comparing 
t h e  va lues  of  b ob ta ined  for  var ious t e r r e s t r i a l  rocks  wi th  t h e  va lue  
of b ob ta ined  For  t h e  Moon. 
as a f u n c t i o n  of t h e  amount o f  SiO,  are shown i n  Fig.6.  The shaded 
areas correspond t o  l u n a r  rocks. The upper band corresponds t o  t h e  

The va lues  of t g  A / ,  of d i f f e r e n t  rocks 

c h o n d  

c h o n d  

r i  

r i  

t e - -  

t e - -  

i a t e  

Fig.  6 

D i a g r a m  o f  t h e  s p h e r i c  t a n g e n t  o f  t h e  a n g l e  
o f  l o s s e s  f o r  v a r i o u s  t e r r e s t r i a l  r o c k s  a n d  l u n a r  m a t t e r .  

Upper  b a n d  - s p e c i f i c  a n g l e  o f  l o s s e s  o f  t h e  

Lower b a n d  - same for t h e  s e c o n d  l a y e r  
f i r s t  l u n a r  l a y e r  

first l a y e r  of 3-4 cm t h i ckness .  
lower l a y e r  of matter ex tending  t o  a depth  of several meters. 

The l o w e r  band corresponds t o  t h e  
I t  may 
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be seen  from t h i s  diagram t h a t  i n  t h e  upper l a y e r  t h e  matter has  a 
g r e a t e r  b a s i c i t y  than  t h a t  i n  lower l a y e r s ,  which corresponds t o  
i n t e r m e d i a t e  rocks .  

6 .  Sur face  Uniformity of P r o p e r t i e s .  With t h e  except ion  of  
d a t a  fo r  y, t h e  d a t a  ob ta ined  above are d a t a  which are averaued over 
t h e  e n t i r e .  hemisphere of t h e  Moon. 
arises as t o  t h e  e x t e n t  t o  which t h e s e  d a t a  correspond t o  l o c a l  va lues .  
According t o  s t u d i e s  performed i n  i n f r a r e d ,  and excep t  f o r  t h e  bot -  
t o m s  o f  r a d i a n t  craters, t h e  thermal  p r o p e r t i e s  over  t h e  l u n a r  d i s k  
vary very  l i t t l e  and by no more than f(20-25) % [40] .  These v a r i a t i o n s  
are p r a c t i c a l l y  w i t h i n  t h e  l i m i t s  of measurement p r e c i s i o n .  A h igh  
degree  of uni formi ty  of radioemission c h a r a c t e r i s t i c s  such as M ( X )  and 
S I ,  a long  t h e  l u n a r  d i s k  has  a l s o  been observed when averaging  over 
areas r ang ing  f r o m  several t e n s  t o  hundreds of k i lome te r s  134-401. 
For t h i s  r eason ,  w e  may t a l k  about t h e  e x i s t e n c e  of r a d i o m e t r i c  u n i f o r -  
mi ty ,  s imi la r  t o  t h e  well-known photometr ic  un i formi ty  [411 a s s o c i a t e d  
w i t h  t h a t  of t h e  c h a r a c t e r i s t i c s  of r e f l e c t e d  l i g h t .  This  r a d i o m e t r i c  
homogeneity p o i n t s  t o  uni formi ty  of e lec t r ic  p r o p e r t i e s  of m a t t e r  
making up t h e  upper mantle of the l u n a r  s u r f a c e  i n  a l a y e r  a t  l ea s t  
1 0  cm-thick. Hence follows t h e  approximate homogeneity i n  t h e  chemical  
n a t u r e  of l u n a r  mat te r .  I n  p a r t i c u l a r ,  it w a s  found t h a t  t h e  matter 
of t h e  s u r f a c e  of l u n a r  maria  and c o n t i n e n t s  i s  p r a c t i c a l l y  i d e n t i c a l  
[40] .  The hypo thes i s  t h a t  t h e  upper rocks  of c o n t i n e n t s  are g r a n i t e  
and t h o s e  of maria are b a s a l t s  i s  t h u s  i n  complete disagreement  w i t h  
t h e  r a d i a t i o n  c h a r a c t e r i s t i c s .  

Therefore  t h e  q u e s t i o n  n a t u r a l l y  

S ince  t h e  p r o p e r t i e s  of t h e  upper mant le  are h igh ly  uniform i n  
h o r i z o n t a l  d i r e c t i o n ,  t h e  c h a r a c t e r i s t i c s  ob ta ined  r e p r e s e n t  t h e  t r u e  
p r o p e r t i e s  of m a t t e r  a t  every spot .  The h igh  un i fo rmi ty  of p r o p e r t i e s  
i s  confirmed by t h e  r e s u l t s  obtained from "Luna-9", "Surveyor-1" and 
'I Luna- 1 3 

4 .  D I S C U S S I O N  OF RESULTS 

The d a t a  ob ta ined  a l l o w  u s  t o  draw c e r t a i n  conclus ions  i n  r e g a r d  

The extremely f ine -g ra ined  s t r u c t u r e  of t h e  porous m a t t e r ,  w i th  
t o  t h e  h i s t o r y  o f  t h e  development and s t r u c t u r e  of t h e  Moon. 

g r a i n s  having a s i z e  of up t o  t e n s  of  microns,  i s  evidence of t h e  ex i s -  
t e n c e  of an e x t e n s i v e  g r i n d i n g  and reworking s t a g e .  The mean hemi- 
s p h e r i c  l a y e r  depth o f  4 m i n d i c a t e s  t h e  very  h igh  e f f i c i e n c y  of t h e s e  
factors .  Apparent ly ,  as w a s  noted i n  [44] , a p rocess ing  (reworking) 
of l u n a r  matter took p l a c e  h e r e  under t h e  a c t i o n  of i n t e n s e  meteoritic 
impacts .  

I f  w e  assume t h a t ,  as i n  t h e  case of t h e  E a r t h ,  t h e  h e a t  f low 
from t h e  i n t e r i o r  of t h e  Moon i s  a s s o c i a t e d  wi th  t h e  decay of r a d i o -  
active unarium, thorium and potassium and t h a t  t h e  thermal  process  has  
reached  a t  p r e s e n t  a s t a t i o n a r y  s t a t e ,  t h e n  a l l  h e a t  l o s t  by t h e  Moon 
i s  e q u a l  t o  t h e  h e a t  of r a d i o a c t i v e  decay. The t o t a l  h e a t  gene ra t ed  
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i n  one y e a r  is e q u a l  t o  Q = loL9 c a l /  ear- ' ,  which g ives  p e r  gram 
of mat ter  qm = 1.35=10-7ca l .g- ' .year -~ .  A s  i s  easy  t o  compute, 
t h i s  g e n e r a t i o n  d e n s i t y ,  i s  4 t i m e s  greater t h a n  f o r  terrestr ia l  
mat ter .  

Hence, it follows t h a t  t h e  concen t r a t ion  of r a d i o a c t i v e  e le-  
ments i n  l u n a r  matter i s  4 times g r e a t e r  t han  i n  terrestr ia l  mat ter .  
The thermal  flow found, q = 0.85*10-6cal.cm-2.sec-', i s  about  4 
t i m e s  greater than  t h e  prev ious ly  assumed h e a t  f l o w  from t h e  i n t e r i o r  
of t h e  Moon, based on t h e  analogy w i t h  t h e  E a r t h  and on t h e  r ad io -  
a c t i v i t y  of s tony  meteorites. T h i s  f a c t  changes e s s e n t i a l l y  o u r  
concept ion  of t h e  thermal  h i s t o r y  of t h e  Moon. Corresponding ca lcu-  
l a t i o n s  w e r e  made i n  1451 and showed t h a t  a n e a r l y  complete me l t ing  
of  l u n a r  mat ter  i s  a t t a i n e d  only f o r  t h i s  h igh  c o n c e n t r a t i o n ;  conse- 
q u e n t l y ,  t h e  m o s t  complete d i f f e r e n t i a t i o n  of t h e  Moon's i n t e r i o r  
mass and a migra t ion  of r a d i o a c t i v e  elements t o  t h e  s u r f a c e  a r e  
assumed. T h i s  r e s u l t s  i n  an e a r l i e r  c e s s a t i o n  of h e a t i n g  and, conse- 
q u e n t l y ,  i n  t h e  c u r r e n t  hardening of  t h e  melted m a s s  a t  g r e a t  depths .  
As c a l c u l a t i o n s  show, i n  t h e  case of a h igh  c o n c e n t r a t i o n  o f  r ad io -  
a c t i v e  elements ,  t h e  t h i c k n e s s  of t h e  hard  l u n a r  c r u s t  may reach a t  
t h e  p r e s e n t  t i m e  600-700 km, w h i l e  i n  t h e  case of a l o w  concen t r a t ion  
of radioactive elements  corresponding t o  t h a t  found on E a r t h ,  t h i s  
t h i c k n e s s  may reach 300-400 km.  A t  such c o n c e n t r a t i o n s ,  t h e  f u s i o n  
p rocess  t a k e s  a longe r  t i m e  and t h e  i n t e r i o r  m a s s  o f  t h e  Moon does n o t  
have enough t i m e  t o  cool down. 

According t o  p r e s e n t  d a t a ,  t h e  shape of t h e  Moon is  n o t  e q u i l i b -  
rium, i . e .  b a s i c a l l y  s o l i d  o r  t h e  ha rd  c r u s t  ex tends  a t  least  t o  a 
depth of about  1 0 0 0  km. A s  w e  have seen and as p a r a d o x i c a l  as it 
may reem, hardening t o  a s u f f i c i e n t l y  g r e a t  depth  can take p lace  on ly  
i n  t h e  case of a s u f f i c i e n t l y  high c o n c e n t r a t i o n  of  radioactive ele- 
ments. 

I f  w e  assume t h a t  t h e  upper s p h e r i c a l  l a y e r  of l u n a r  m a t t e r  
c o n s i s t s  of terrestrial  g r a n i t e s  w i t h  t h e i r  i n h e r e n t  h igh  c o n c e n t r a t i o n  
of r a d i o a c t i v e  e lements ,  t hen  i n  o r d e r  t o  e x p l a i n  t h e  hea t  f l o w  ob- 
served, t h e  g r a n i t e  l a y e r  must have a t h i c k n e s s  of 1 0  km. I f  w e  as- 
sume t h a t  t h e  l a y e r  c o n s i s t s  of b a s a l t s ,  t hen  i t s  t h i c k n e s s  must be 
e q u a l  t o  40 km. I n  order t h a t  r a d i o a c t i v e  e lements  be depos i t ed  i n  
such a t h i n  upper l a y e r ,  fu s ion  must be p r a c t i c a l l y  complete. 

T h e  tempera ture  a t  t h e  depth of 40  k m  must be e q u a l  t o  about  

The h igh  degree of rad ioac t iv i ty  of l u n a r  mat te r  can best  be recon- 
c i l e d  wi th  t h e  hypotheses  on Moon's formation e i t h e r  as t h e  r e s u l t  
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of mass breaking  away f r o m  t h e  Ear th  when t h e  upper l a y e r  of t h e  
l a t t e r  w a s  a l r e a d y  e n r i c h e d  by r a d i o a c t i v e  e lements ,  o r  on account  
of c a p t u r e  of t h e  Moon. 
a lso be c o r r e l a t e d  wi th  t h e  g e n e r a l l y  accepted  hypothes is  of t h e  
s imul taneous  formation of t h e  Earth and t h e  Moon f r o m  p r o t o p l a n e t a r y  
m a t t e r ,  b u t  sofar such an hypothes is  i s  conf ron ted  w i t h  c e r t a i n  
d i f f i c u l t i e s  . 

I n  p r i n c i p l e ,  t h e  h igh  r a d i o a c t i v i t y  can 

The g e n e r a l  model t h u s  obta ined  r e p r e s e n t s  e s s e n t i a l l y  t h e  sum 
of s p e c i f i c  models i n  which v a r i a t i o n s  of p r o p e r t i e s  i n  dep th ,  t h e  
tempera ture  dependence of t h e s e  p r o p e r t i e s ,  and t h e  effect  of s u r -  
f a c e  roughness w e r e  t aken  i n t o  account.  T h e  accuracy of t h e  ob ta ined  
parameter  d a t a  i s  c h a r a c t e r i z e d  by an e r r o r  h 20-25%.  I t  i s  doubt- 
f u l  t h a t  more a c c u r a t e  q u a l i t a t i v e  data can be ob ta ined  by e s t a b l i -  
s h i n g  a r a d i a t i o n  theory  for a n  o u t r i g h t  complete model and t a k i n g  
a l l  factors i n t o  account.  Apparently,  t h e  m u l t i p l i c i t y  of parameters  
and t h e i r  mutual ly  compensating effects do n o t  a l l o w  us  t o  o b t a i n  
s u b s t a n t i a l l y  more a c c u r a t e  r e s u l t s .  The only  t h i n g  t h a t  can be 
convinc ing  is  t h a t  t h e  g e n e r a l  model ob ta ined  corresponds t o  a l l  
i n i t i a l  facts. New d a t a  w i l l  become available wi th  f u r t h e r  p rogres s  
i n  d i r e c t  i n v e s t i g a t i o n s  of t h e  Moon's s u r f a c e  by space n a v i g a t i o n  
methods. Numerous impor tan t  conclus ions  may be de r ived  if only  by a 
s i n g l e  comparison of r e s u l t s  ob ta ined  by d i f f e r e n t  methods, b u t  only 
t h e  e n t i r e  complex of  i n v e s t i g a t i o n s  w i l l  p rovide  us w i t h  t h e  p o s s i -  
b i l i t y  of establ ishing a more r e l i a b l e  informat ion  on t h e  Moon and, 
i n  p a r t i c u l a r ,  on t h e  p r o p e r t i e s  of i t s  upper mant le .  

I n  conclus ion ,  I wish t o  express  my thanks  t o  A . B .  Burov f o r  
h i s  h e l p  i n  compiling t h i s  review. 
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